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Letter to the Editor
Collinearity improves alignment
Response to Keeble and Hess (1998)
Keeble and Hess (1998, 1999) reported that collinear
carrier orientation had no eﬀect on the alignment of
Gabor patches. This null conclusion, part of a broader
paper on orientation eﬀects, is not necessarily fully jus-
tiﬁed––(a) we failed to replicate it, (b) it is not particu-
larly well supported by their own data, (c) predictions of
the eﬀect suggest it is likely to be small, and (d) it is
unwise, in view of accepted modes of scientiﬁc inference,
to draw any strong conclusions from a null result; at
best one can estimate the size of the eﬀect within a cer-
tain conﬁdence interval. Previously, we have found that
collinearity improves alignment accuracy (Levi & Klein,
2000; Popple, Polat, & Bonneh, 1999, 2001). Aiming to
investigate this apparent contradiction between our re-
sults and theirs, we attempted partial replication of
Keeble and Hess (1998). We tested the same stimuli in a
sample of 20 observers. There was a highly signiﬁcant
(p < 0:0002) 20% reduction in thresholds when the
patches were collinear (mean threshold 3.2 arcmin) ra-
ther than orthogonal (mean threshold 4 arcmin). Our
result shows that 2D localisation is not based on enve-
lope information alone. Moreover, the results for the
diﬀerent observers (including those from Keeble & Hess)
are well ﬁt by summation of variances from envelope
and carrier cues, assuming a carrier-only threshold of
4.5 arcmin––little worse than the 4 arcmin envelope
threshold.
How do we align Gabor patches? We might use their
centre, the outside envelope, or––when the internal
carriers are aligned––the relative oﬀset of the bars inside
the patches. The dominant theory has been that we use
some measure of central tendency, and that the accuracy
with which we can perform this alignment depends en-
tirely on the scale or space constant of the Gaussian
distribution of the envelope (Toet & Koenderink, 1988;
Kooi, De Valois, & Switkes, 1991; Hess & Holliday,
1992; Hess & Hayes, 1993; Keeble & Hess, 1998, 1999).
It has also been claimed that the relative oﬀset of the
bars inside the patches is never used for their alignment
(Hess & Holliday, 1992; Keeble & Hess, 1998, 1999).
Hess and Holliday (1992) measured the acuity with
which the central of three collinear patches could be
aligned with the outer two, over a range of contrasts and
spatial frequencies. The single observer (RFH) then
repeated some of these conditions for a conﬁguration
where the central patch was orthogonal, and this second
set of data is shown to roughly overlay the ﬁrst set.
Although both previous (Kooi et al., 1991) and subse-
quent (Keeble & Hess, 1998, 1999) data show a small
eﬀect of collinearity in two or more observers, these
authors nevertheless maintain ‘‘the fundamental result
that thresholds are the same in the aligned and ortho-
gonal conditions’’ (Keeble & Hess, 1999). Keeble and
Hess (1998) found an eﬀect of oblique (45) carrier
orientation on alignment, but claimed that this was the
result of orientation masking and not the use of carrier
information in the alignment task. ‘‘Certain manipu-
lations of the orientations of the micropatterns can dis-
rupt performance in 3-patch alignment tasks, contrary
to what has been thought, but the presence of a principal
orientation never improves performance’’ (Keeble &
Hess, 1998).
A conﬁguration of collinear patches contains infor-
mation in the Fourier domain concerning the underlying
grating orientation, which is dependent on the alignment
of the patches. The diﬀerence between aligned and mis-
aligned patches decreases as the separation between them
increases. The eﬀect of collinearity on alignment accu-
racy might be small (Kooi et al., 1991; Keeble & Hess,
1998, 1999; Levi & Klein, 2000; Popple et al., 2001).
However, the small size of this eﬀect accords with pre-
dictions from the summation of near-equal centroid and
carrier cues.
To test for the presence of this small, predicted eﬀect,
we measured the inﬂuence of collinearity on alignment
using a sample of 20 observers. A large number of ob-
servers permits an accurate estimation of the size of the
eﬀect. All observers viewed the stimuli monocularly,
using their preferred eye. Seven were amblyopes, and had
an uncorrectable acuity deﬁcit in the non-preferred eye.
Other than that, we followed the method of Keeble and
Hess (1998). Keeble and Hess (1998): 3 Gabor conﬁgu-
ration, 105 ms duration, 45% contrast, spatial frequency
2.25 cpd, patch envelope standard deviation 16 arcmin,
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centre-to-centre separation 160 arcmin, task to align
centre patch with outer 2, response left–right forced
choice, method of constant stimuli, Probit psychometric
ﬁt, four observers (including two authors). US: 3 Gabor
conﬁguration, 110 ms duration, 45% contrast, spatial
frequency 2.23 cpd, patch envelope standard deviation
16.4 arcmin, centre-to-centre separation 161 arcmin, task
to align centre patch with outer 2, response left–right
forced choice, method of constant stimuli, Probit psy-
chometric ﬁt, 20 observers (including two authors). We
selected the collinear condition (all three patches vertical)
to compare with the orthogonal condition, in which the
central patch was horizontal and the outer ones vertical.
Keeble and Hess also included an orthogonal condition
with the centre vertical and outer patches horizontal.
Their observers’ performance in that condition was, on
average, worse than in the orthogonal condition we
chose to replicate.
Results are summarized in Fig. 1, sample stimuli inset.
Thresholds were lower (3:22 0:37 arcmin) in the col-
linear condition, compared with a mean of 3:99 0:43
arcmin for the orthogonal patches. The mean diﬀerence
between the conditions was 0:76 0:32 arcmin. A paired
t-test shows that this diﬀerence was statistically signiﬁ-
cant (tð19Þ ¼ 4:64, p < 0:0002). The 95% conﬁdence in-
terval on the diﬀerence is smaller than the conﬁdence
intervals on the means because there was less variation
between the subjects in the size of the diﬀerence than
in the size of either threshold alone. The eﬀect is small
compared with the 95% conﬁdence intervals on the
individual data points (which were, on average,
1:34 0:13 arcmin). Comparing the data from preferred
eyes of amblyopes with the normal controls, amblyopes
had slightly higher thresholds overall (F ð1; 24Þ ¼ 7:45,
p ¼ 0:01), but there was no interaction with the eﬀect of
collinearity (F ð1; 24Þ ¼ 0:65, p ¼ 0:43). The amblyopes
had, on average, a slightly larger eﬀect of collinearity
than normal in their preferred eyes (black points in
Fig. 1), and a smaller eﬀect than normal in their am-
blyopic eyes (data not shown, but see Popple & Levi,
2000a). Neither of these trends was statistically signiﬁ-
cant, but larger samples would be needed to discount
any potential between-group eﬀects. However, there is
scant theoretical basis for opposite eﬀects in the pre-
ferred and amblyopic eyes of amblyopes, indeed any
abnormalities in the preferred eye are usually in the
same direction as in the amblyopic one (e.g. Kandel,
Grattan, & Bedell, 1980; Bedell, Flom, & Barbeito,
1985; Levi & Klein, 1985). Notwithstanding, we analy-
sed the data for the normal observers alone, and still
found a highly signiﬁcant eﬀect of collinearity (tð12Þ ¼
3:38, p ¼ 0:005). The data are plotted in Fig. 1. Five of
our 20 observers (diamonds) cluster around the Keeble
and Hess prediction (black line). With the exception of
a single outlying data point, Keeble and Hess’ observers
(white triangles) are close to our prediction (grey curve).
Had Keeble and Hess (1998) reported their data in
the form of a conﬁdence interval, they would have
shown an eﬀect of collinearity which varied in size from
about 2 to þ2 arcmin, for all four observers and across
the two diﬀerent orthogonal conditions they used. In
three of their four observers, looking only at the two
conditions replicated here, this interval is 1 to þ2 arc-
min. How does this compare with the predicted size of
the eﬀect? The simplest way of modelling the inﬂuence of
carrier alignment on acuity is by pythagorean summa-
tion of variances: sensitivity ðpatchÞ ¼ sqrtðsensitivity2
ðcarrierÞ þ sensitivity2 ðenvelopeÞÞ, where sensitivity ¼
1/threshold. The sensitivity to envelope alignment is
given by the data in the orthogonal case. At the sepa-
ration of the patches, it seems reasonable to suppose
that sensitivity to carrier alignment is worse, not better,
than sensitivity to envelope alignment. Assuming, there-
fore, the limiting case that the two signals are equal, the
predicted improvement on orthogonal thresholds of 3–4
arcmin is in the order of a single arcmin, well within the
conﬁdence intervals from Keeble and Hess (1998). By
using a repeated measures paradigm in a large sample of
20 observers we were able to reduce the conﬁdence in-
terval on the diﬀerence between the conditions to 0.3
arcmin, suﬃcient to ascertain whether or not there is an
eﬀect of collinearity.
Our results (Fig. 1) clearly show that collinearity
improves alignment. Most of the data cluster around a
Fig. 1. Results: acuity thresholds for collinear stimuli (inset on y-axis)
are plotted against thresholds for orthogonal stimuli (inset on x-axis)
for 20 observers (diamonds: open––normal observers, ﬁlled––preferred
eyes of amblyopes) and data extrapolated from Keeble and Hess (tri-
angles). Black line––if collinearity does not improve alignment, col-
linear and orthogonal thresholds should be equal, as predicted by
Keeble and Hess (1998). Grey line––prediction from cue summation.
Data from ﬁve observers cluster around the black line, suggesting that
these observers may have been unable to utilize the carrier signal for
alignment. Interestingly, four of the ﬁve were novice observers.
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model line showing summation of variances between
envelope-only thresholds, and a carrier threshold of 4.5
arcmin (or 1=6 of a cycle), a value selected visually to ﬁt
the data. This value represents a Weber fraction (Dd=s)
of between 0.02 and 0.03, taking the centre separation of
the patches as their spacing. Although the task is very
diﬀerent, it is encouraging that this value is consistent
with data in the literature from bisection (e.g. Levi,
Jiang, & Klein, 1987; Levi & Klein, 1992). Unfortu-
nately, the carrier signal for alignment cannot be mea-
sured directly at this separation by using extended
ribbon stimuli, due to the ambiguous signal from mul-
tiple matches between diﬀerent cycles of the carrier.
The results reported in this letter are consistent with
our published ﬁndings, which also show that alignment
is tuned to carrier orientation, for diﬀerent stimulus
conﬁgurations, over a range of separations up to 10
carrier periods (Akutsu, McGraw, & Levi, 1999; Levi &
Klein, 2000; Popple et al., 1999, 2001). Popple et al.
(2001) contains a broader replication of Keeble and
Hess (1998), including the higher thresholds obtained
for oblique patches. This letter highlights the impor-
tance of reporting null results in the form of a conﬁ-
dence interval, rather than asserting their theoretical
signiﬁcance. Our method demonstrates the utility of
large samples of observers for uncovering small eﬀects in
visual psychophysics (Popple & Levi, 2000b). In con-
clusion, collinear Gabor patches are aligned better than
orthogonal ones, suggesting that their internal structure
may be used in their alignment.
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